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Abstract
Among polyamines (putrescine, spermidine, and spermine), spermine specifically induces cataract in an organ cultured lens. Spermine
uptake nearly paralleled the cataract formation. When polyamines were added to lens soluble proteins, spermine specifically induced turbidity.
When lens soluble proteins were separated by gel chromatography, heavy-molecular-weight protein (HMW, high molecular form of a-
crystallin) and proteins between hH- and hL-crystallin fractions reacted with spermine and aggregated. SDS-polyacrylamide gel
electrophoresis of the aggregated proteins showed that 43-kDa lens protein was commonly observed in both aggregates. Spermine-affinity
chromatography of the total soluble proteins showed the binding of HMW protein to the gel and the chromatogram of the second turbidity peak
in the gel chromatography showed the binding of 43-kDa protein. These results indicated that 43-kDa protein, which is present as a subunit in
HMW and also in free form, binds spermine and induces turbidity of lens soluble proteins and produces cataract in a cultured lens.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Polyamines, putrescine, spermidine, and spermine are
polycations ubiquitously present in living matter. Their
association with cell proliferation has been well demonstra-
ted [1,2], but much still remains to be clarified as they are
present even in metabolically latent tissues. As early as 1980,
Kremzner et al. [3] demonstrated that polyamines including
spermine are present in the human lens, and are increased in
the cataractous human lens both in free and covalently bound
forms. It is our finding that they are actively transported and
enzymes involving spermine are up-regulated in a needle-
punctured lens [4,5]. Although Kremzner did not indicate a
specific increase of spermine, during the course of our study
we happened to find that in a cultured lens, among poly-
amines, spermine specifically induces cataract. Next, we
wanted to test what protein(s) bind(s) spermine and once
bound, does spermine aggregate proteins increasing light
scatter? A 43-kDa protein that binds spermine probably
plays roles both as a subunit of HMW (high molecular form
of a-crystallin) and in free form.
2. Materials and methods
2.1. Materials
Polyamines were purchased from Sigma Chemical Co.
(MO, USA) and all other chemicals were purchased from
Nakarai Tesque (Kyoto, Japan).
2.2. Culture of lens
Eyes were enucleated from 6-week-old male rats of the
Wistar strain, weighing 130–150 g. Intact lenses were
separated from the enucleated eyes by careful dissection
through a posterior approach and incubated in 3 ml of sterile
Tyrode’s solution (pH 7.3) at 37 jC under 95% O2:5% CO2
[6] with various concentrations of polyamines.
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2.3. Determination of spermine-induced turbidity of a cul-
tured lens
To measure the turbidity of a cultured lens induced by
spermine, we used an Olympus EMM 7 exposuremeter
equipped in Olympus model SZ-Tr stereoscopic microscope.
The cultured lens in a culture dish was placed on the micro-
scope and exposure time of the photograph was measured at
 1.2 magnification against a blue plane background and
under constant illumination, and the turbidity of the lens was
arbitrarily expressed as 1/exposure time (s).
2.4. Determination of polyamine contents
The cultured rat lens was decapsulated and homogenized
in 7 vol. of 0.4 M perchloric acid and centrifuged at
10,000 g for 30 min. An aliquot of supernatant was passed
through a Milipore filter and applied to HPLC (Shimazu LC-
5A) as previously described [4].
2.5. Preparation of lens soluble proteins
Pig eyes were obtained from a local slaughterhouse and
lenses were dissected out from the eyes. The isolated lens
was decapsulated and homogenized in 5 vol. of the buffer for
gel filtration chromatography with a Potter-Elvehjem
homogenizer. The mixture was centrifuged at 14,000 g
for 60 min and the supernatant was used as a mixture of
soluble proteins.
2.6. Determination of polyamine induced turbidity of lens
soluble protein
To 1 ml of 10 mM Tris–HCl buffer (pH 7.4, at 20 jC), 3
mg of lens proteins and final 2.5 mM of each polyamine
were added and incubated at 20 jC for 30 min. The induced
turbidity was measured by detecting absorbance at 500 nm
using a Hitachi Type 101 spectrophotometer. For determin-
ing spermine induced turbidity of aliquots of gel chromatog-
raphy, each aliquot was dialyzed against 10 mM Tris–HCl
buffer (pH 7.4, 20 jC) and to 1 ml of the sample; final 2.5
mM of spermine was added.
2.7. Sephacryl S-300 gel column chromatography of lens
proteins
Sephacryl S-300 gel (Amersham Pharmacia Biotech,
Buckinghamshire, UK) was preequilibrated at 4 jC with
20 mM Tris–HCl buffer (pH 7.4) containing 1 mM EDTA,
10 mM 2-mercapthoethanol, and 140 mM KCl. Lens solu-
ble protein (280 mg) was applied to the column (1.5 140
cm) and eluted with the above buffer at a flow rate of 7
ml h 1, and 4.0-ml fractions were collected. Elution pro-
files were determined by measuring A280 ultraviolet ab-
sorption.
2.8. Spermine-affinity column chromatography of lens
proteins
The gel for spermine-affinity chromatography was pre-
pared by ligating spermine to CH-sepharose 4B (Amersham
Pharmacia Biotech) under the presence of 1-ethyl-3(3-dime-
thylaminopropil)carbodiimide, as previously described for
the preparation of N8-acetylspermidine-Sepharose4B [7].
Total soluble proteins extracted with the buffer for gel
chromatography or the fractions producing the second sper-
mine-induced turbidity peak in Sephacryl S-300 gel column
chromatography were dialyzed against 10 mM Tris–HCl pH
7.4 at 4 jC, and applied to the affinity column (1.5 2.5 cm)
preequilibrated with the same buffer. Elution was performed
by a stepwise increase in NaCl concentration (0, 0.1, 0.2, 0.3,
and 3 M) using 10 mM Tris–HCl, pH 7.4, at 4 jC as the base
buffer at a flow rate of 4 ml h 1, and 4-ml aliquots were
collected.
Fig. 1. Effect of polyamines on cultured rat lens. Rat lenses were incubated for 16 h in Tyrode’s solution containing 4 mM of each polyamine as described in
Materials and methods. The photograph was taken against either a plane blue (above) or a black grid (below) background.
S. Maekawa et al. / Biochimica et Biophysica Acta 1637 (2003) 70–74 71
2.9. SDS-polyacrylamide gel electrophoresis
SDS-polyacrylamide gel electrophoresis was performed
as described by Lammeli [8] using 13% polyacrylamide gel.
2.10. Determination of protein concentration
Protein concentration was determined by Bradford’s me-
thod using bovine serum albumin as a standard [9].
3. Results and discussion
Cataract is turbidity in the eye lens that results in visual
disturbances. Previously, we reported that polyamines are
actively transported into the eye lens from the surrounding
fluid [5]. In an effort to elucidate the molecular character-
istics of the lens, we happened to find that, among poly-
amines, spermine specifically induced cataract. Fig. 1 shows
the results of cultured rat lens in 4 mM of putrescine,
spermidine, or spermine. Incubation was carried out for 16
h. Spermine clearly induced turbidity of the lens while the
others did not. As the cataract was diffuse and homogeneous,
we thought that the grade of cataract was grossly reflected in
the exposure time of its photograph. That is, the more severe
(white or bright) the cataract becomes the shorter the
exposure time of its photograph becomes, and the inverse
of the value indicates the grade of cataract. Using this
principle we next studied the effects of spermine concen-
tration on the cultured lens (Fig. 2). The cataract was
observed with the lenses incubated in 1 mM or higher
concentrations of spermine, and a dose-dependent increase
in turbidity was observed. Fig. 3 shows the time course of
uptake of spermine into the eye lens. In the previous poly-
amine uptake experiment [5], we used a spermine concen-
tration of 0.5 AM. At this concentration, spermine was
actively transported into the lens and the uptake curve was
linear, even at 16 h of incubation time. At a high concen-
tration of 4 mM, spermine was rapidly taken up into the lens
possibly through passive diffusion and reached a plateau as
early as 4 h, and the time course roughly coincided with that
of lens opacification.
The possibility that incorporated spermine has some
influence on lens proteins was indicated, so the effects of
polyamines on lens soluble proteins were analyzed. To lens
soluble proteins, 2.5 mM of polyamines was added. Sper-
mine specifically induced the turbidity of lens proteins
(Table 1). The acetylation of the N1 site of spermine also
showed a marked loss of activity to induce turbidity (Table
Fig. 2. Effect of concentration of spermine on the development of cataract.
Rat lenses were incubated for 16 h at desired concentrations of spermine and
turbidity induced by spermine was measured as described in Materials and
methods. Each point was the mean of two experiments.
Fig. 3. Time course of spermine uptake into cultured lens. Rat lenses were
incubated for the desired time in Tyrode’s solution with 4 mM of spermine.
The lenses were decapsulated and polyamines were extracted with 4 N
perchloric acid. Polyamine concentrations were determined by HPLC as
described in Materials and methods. Each point was the mean of two expe-
riments.
Table 1





Putrescine 1.6F 2.8 2.7
Spermidine 5.6F 1.9 9.3
Spermine 60.0F 2.0 100
N1-Acetylspermine 13.3F 0.6 22.2
Lens proteins were prepared as described in Materials and methods. Incu-
bation mixtures included 3 mg of lens proteins, 2.5 mM of each polyamine
and 10 mM of Tris–HCl, pH 7.4, in a total amount of 1 ml, and were
incubated at 20 jC for 30 min. Turbidity was measured by detecting A500.
Each value is meanF S.D. of three experiments.
S. Maekawa et al. / Biochimica et Biophysica Acta 1637 (2003) 70–7472
1). Ninety percent of lens soluble proteins consists of a-, h
(hH-, hL-)-, and g-crystallins, which can be separated by gel
filtration chromatography according to their molecular
weights [10]. The proteins consisted mainly of five peaks;
heavy-molecular-weight protein (HMW), a-, hH-, hL-, and
low-molecular-weight proteins (LMW), in the Sephacryl S-
300 gel (Fig. 4). LMW was mainly composed of g-crystallin
as revealed by its subunit analysis (Fig. 5) in SDS-poly-
acrylamide gel electrophoresis [10]. HMW showed the same
subunit composition as a-crystallin, except for a few minor
bands in HMW, which were considered to be aggregated a-
crystallin [11–13]. The last (sixth) peak was a ghost peak,
Fig. 4. Elution profile of pig lens soluble proteins by Sephacryl S-300 gel
column chromatography and effects of spermine on the fractions. Lens
proteins (280 mg) were applied onto a Sephacryl S-300 column and the
elution pattern was determined by detecting A280 (closed circles and solid
line). To each dialyzed fraction, final 2.5 mM of spermine was added and the
induced turbidity was measured by determining A500 (open circles and
dotted line). For details, see Materials and methods.
Fig. 5. SDS-polyacrylamide gel electrophoresis analysis of super-
natants (sup) and precipitates (p.p.t.) after addition of spermine to each
fraction separated by Sephacryl S-300 gel chromatography. Samples
prepared as in Fig. 4 were centrifuged. The supernatants and precipitates
of each fraction and turbidity-inducing activity peaks were analyzed by
electrophoresis. Second peak indicated the second turbidity peak induced
by spermine as shown in Fig. 4.
Fig. 6. SDS-polyacrylamide gel electrophoresis analysis of the fractions
after spermine-affinity chromatography of lens soluble proteins. Lens so-
luble proteins were loaded onto the affinity column and eluted by a stepwise
increase (0, 0.1, 0.2, 0.3, and 3 M) of sodium chloride concentrations.
Fig. 7. SDS-polyacrylamide gel electrophoresis analysis of proteins after
spermine-affinity chromatography of the second turbidity-inducing fraction.
The second turbidity-inducing fraction from sephacryl S-300 gel chroma-
tography was dialyzed against 10 mM of Tris–HCl, pH 7.4, and loaded onto
the affinity column. The elution was performed with a stepwise increase of
NaCl concentraion (0, 0.1, 0.2, 0.3, and 3 M).
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probably reflecting tryptophan and other small molecules
that absorbed 280-nm ultraviolet beam. When spermine was
added to each of the fractions, two activity peaks for
inducing turbidity were observed (Fig. 4). The first major
peak coincided with the peak of HMW, and the second peak
appeared between the peaks of hH- and hL-crystallin. The
aggregates were centrifuged and further analyzed by SDS-
polyacrylamide electrophoresis (Fig. 5). The first peak
showed the same protein composition as HMW. In the
second turbidity peak fraction, several bands were observed,
but were quite different from the h-crystallin subunits.
Furthermore, although not a major band both in the two
turbidity-inducing activity peaks, a 43-kDa band was
observed both in the first and the second turbidity-inducing
activity peaks (arrow), indicating the potent target protein of
spermine. Fig. 6 shows the SDS-polyacrylamide gel electro-
phoresis pattern of eluted proteins after spermine-affinity
chromatography with the total lens soluble proteins. A
stepwise increase in sodium chloride concentration enabled
the column to elute g-crystalllin, h-crystallin, and h- and a-
crystallin at 0, 0.1, and 0.2 M of NaCl, respectively. At 0.3 M
of NaCl, the HMW was eluted from affinity gel chromatog-
raphy. Furthermore, the 43-kDa band (arrow) was more
abundant than the 56-kDa band (arrow head), different from
the usual HMW in which the 56-kDa band (arrow head) was
more abundant than the 43-kDa band (arrow) (Fig. 5). This
may indicate that free 43-kDa protein was coeluted with
HMW. When the second turbidity peak fraction was loaded
on the affinity column, at a 0.3 M sodium chloride concen-
tration, the 43-kDa band was also observed (arrow) (Fig. 7),
supporting our prediction that 43-kDa protein may bind to
spermine and induce cataract. The intraocular lens is sur-
rounded by spermine-rich organs, iris and ciliary body [14].
The damage to these organs by trauma or aging may cause
leakage of spermine and induce human cataract. However,
the concentration of 1 to 4 mM of spermine, which is needed
to induce cataract in our experiment, is very high, consider-
ing that there are some hundreds of micromolar of reported
polyamine concentrations in cataractous human lens [3].
Therefore, our finding may not account directly for the
opacity observed in human cataract. This point needs further
investigation.
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